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ABSTRACT 

Aiitibody-based microarrays are among the novel classes of rapidly evoiving proteomk tech- 
iioiogks that holds great promise m biom,edidBe, Miiiiaturlzed microarrays (<1 cm^) ca« 
be printed with thousands of individual antibodies carrying the desired specificities, and 
with biologicai sample (e»g,, an entire proteome) added, virtually any specifically bound an- 
alytes can be detected^ While consuming only minute amounts (<^L scale) of reagents, ul- 
tra-sensitive assays (zeptomol range) can readily be performed in a highly multiplexed man- 
ner. The microarray patterns generated can then be transformed into proteomic maps, or 
detailed molecular fingerijrints, revealing the composition of the proteome. Thus, protein 
e>^pression profiling and global proteome analysis using this tool will ofTer new opportuni- 
ties for drug target and biomarker discovery, disease diagnostics, and insights into disease 
biology. Adopting the antibody microarray technology platform, several biomedical appli- 
cations, ranging from focused assays to proteome-scale analysis will be rapidly emerging in 
the coming years^ This review will discuss the current status of the antibody microarray 
technology tbcusing on recent technological advances and key issues in the process of evolv- 
ing the methodology into a high-performing proteomic research tool. 

INTRODUCTION 

IN RECENT YEARS, the lield of iargc-scaie biology has made tremendoiss pi ogiess and provided m with 
goldexj opportunities to decipher aisd understand the fiinction of complex biological networks. Several 
hundreds of genomes have been sequenced, including the human, providing us with the biue-prints for or- 
ganisms paving the way for tnajor breakthmughs in genomics (Hanash, 2003; Staudt, 2002), Fueled by 
these advances, proleomics — the large-scale analysis of proteins — has become a key discipline for mapping 
the protein expsession patterns asid for urderstaitding the fuxiction and regulation of the entire set of pro- 
teins encoded by an organism (Hanash, 2003; Jang and Hanash, 2003; Phizicky et al., 2004; Yanagida, 
2002; Zhu et al, 2003). This InforEnation will be essential for underslasidiisg complex biological processes 
at the moleciEiar level, how they diifer in various tissues and cell types, and how they are affected in dis- 
ease states (Borrebaeck, 2006; Hanash, 2003), 

The opportunities and challenges facing proteomic approaches are formidable. The impact of large-scale 
proteome analysis in biomedicine (disea.se proteonsics) is already substantial and a feature that will con- 
tinue to grow in coming years (Hanash, 2003; Phizicky et al., 2004; Zhu et ai., 2003). Particularly promis- 
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ing efiecls commonly identified include: a better onders landing of disease processes, discovery of novel 
bioiuarkers for diagnosis md early detection, or evesi prevention, of disease, and accelerated developiiient 
of new drugs (Borrebaeck, 2006; Hanash, 2003; Phizicky et aL, 2004; Zhu et aL, 2003). In this process, the 
proteome nmsi be readily addressable, not only at the whole-cell or tissue levels, but also in siEb -cellular 
stSTictiires, in various complexes and in biological fluids. Hov^ever, the complexity and dynamic nature of 
a proteome represents a siiajor technological challenge. Thus, the technology platforans applied must pro- 
vide a multiplexed set- op that is able to capture this dynamic state in a specific and sensitive manner irre- 
spective of sample origiti and format. TacMing these chalknges and the mimerous facets of (disease) pro- 
teomics will require multiple strategies and technology platforms to be implemented (Hanash, 2003; Jang 
and Hanash, 2003; Zhu et al, 2a:)3). 

Emerging proteomic technologies: protein microarrays 

A set of rapidly evolving key technologies have emerged makiiig it, to vaiious degrees of extent, possi- 
ble to generate expression patterns of multiple proteins in semi-complex samples, to identify protein-pro- 
tein interaction net works, and to analyse their biological functions (Macbeath, 2002; Phizicky et al, 2004; 
Wingren and Borrebaeck, 2004: Yanagida, 2002; Zhu et al., 2003). To date, most of these strategies have 
been directed towards soluble analytes, while there are ven/ few effective approaches for pj'ofiling rneo:i- 
brane proteomes (Jang and Hanash, 2003). Classical separation techniques, such as two-dimensional gels, 
coEnbined with mass spectrometry (MS) or tatidem-MS is a versatile proteomic reseaEx:h tool frequcEitly 
used for protein expression profiling and identification of posl-translalional modifications (Adkins et aL, 
2003; Andersoij et al, 2004; Hanash, 2003; Tirumalai et al, 2003; Yanagida, 2002; Zhu et al, 2003). Al- 
though this is a poweriul and important technique for proteome analysis it still has methodological limita- 
tions, includiim: limited resolution (<' 1,000 protein asialytes per sample), expcjisive, titne -cotisumiiig, rel - 
atively low-throughput and technically demanding (Yanagida, 2002; Zhu et al., 2003). Among the newer 
methodologies implemeEited, the affinity protein microarray technology (Fig. 1) is among the most promis- 
ing approaches (Borrebaeclc 2000; Haab, 2003; Macbeath, 2002; Poetz et al, 2004; Wilson and Nock, 2003; 
Wingren and Borrebaeck, 2004; Zhu and Snyder, 2003). To this end, a variety of biociiips have been de- 
signed and tremendous elTorts have been made to devise strategies for prodiscing protein aiTays that have 
direct ijitility for (bio)medical applications (Asigenendt, 2005; Boixebaeck, 2006; Haab, 2003; Kingsmore, 
2006; Macbeath, 2002; Poetz et aL, 2004; Wilson and Nock, 2003: Wingren and Borrebaeck, 2004; Zhu 
and Snyder, 2003). This repertoire of (affinity) proteiti microarrays have already demonstrated that they 
will play an important role in filling the gap betv/een genomics and proteomics by providing high-lhroiEgh- 
put and multiplexed assays in a. highly specific atid sensitive manner (Haab, 2003; Macbeath, 2002; Pavlick- 
ova et al., 2004; Poetz et al., 2004; Wingren and BoiTebaeck, 2004, 2006; Zhu et al. 2001; Zhu and Sny- 
der, 2003) 

Antibody-based microarrays 

Protein microarrays can be divided into two conceptual groups, functional protein microairays (functional 

proteomics) and affinity protein microan*ays (quantitative proteomics) (Fig, I) (Macbeath, 2002; Poetz et 
aL, 2004). Relying mainly on antibodies as content, affinity protein microarrays have been successfully used 
in j>roteomics, ranging from focused assays to large scale analysis (Angenendt, 2005; Borrebaeck, 2006; 
Haab, 2003; Kingsmore, 2006; Macbeath, 2002; Pavlickova et al, 2004; Wilson and Node 2003; Wingren 
and Borrebaeck, 2004; Zhu and Snyder, 2003). The technology involves the dispensing of tninute volumes 
of individual antibodies, specific for the target aiialytes (e.g., proteins, haptens, and carbohydrates etc.), 
onto solid supports in jd in to nm sized spots/wells (Fig, 1), The printed microarrays, ranging in density from 
a few single clones to thousands of antibody probes, are then incubated with the sample. Next, the specif- 
ically bound analytes are detected and the data gener ated transformed into a molecular map showing the 
detailed expression patterns of the individual analytes. Major efforts are currently under way to evolve the 
antibody microan'ay technology into the high -throughput proteomic research tool needed by the research 
community (Pavlickova et al. 2*X)4; W%gren find Borrebaeck, 2004, 2006). In this process, several critical 
sub-areas have been identified (W^iitgren and Borxebaeck, 2006), including (i) solid support, (ii) content, 
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(iii) array fomiat/fabrication, sajuple, (v) analytical prhiciple, (vi) standardization and benchmarking, 
and (vii) data processing. This review discusses the current staliss of tlie antibody microarray technology 
platfornii focussng on recent technologica] advances and key issues remaining to be resolved. Recent ap- 
plicadons based on the antibody microarray technology have been described (Gao ei aL, 2005; Knezevic et 
al, 2001 ; Miller et al, 2003; Orchekowski et ak, 2005; Sanchez-Carbayo et aL, 2006; Sreekumar et al, 
2001) and reviewed (Borrebaeck, 2006; Kingsmore, 2006; Wingren and Borrebaeck, 2004) elsewhere and 
will not be discussed. 



SOLID SUPPORTS 

In the quest of designing high-performing antibody microarray s, the design of the solid support will play 
an essential role (Angenendt et aL, 2002, 2003; Kusnezow and Hoheisel, 2003). Both the immobilization 
of tlie protein content as well as the subsequent binding of targeted protein tinaiytes citn be tiffectexJ, First, 
proteins are setisitive to the physical and chemical properties of tlie supports, and any given surface will 
not be sidtable for all proteins c Second, the deposition of protein probes may residt in partial, or complete, 
denaturation, which can impair the subsequejit probe-ligand interaction. To date, a large repertoire of solid 
supports based on predominantly glass-, plastic-, or silicon- slides, often modified with one-, two-, or three- 
dimcjisioEial structured surface modifications (e.g., nitrocellulose) have been fabricated (Angenendt et aL, 
2002, 2003; Beator, 2002; Guilleaume et aL, 2005; Kusnezow and Hoheisel, 2003; Ressine et aL, 2003; 
Rubina et aL, 2003; Steinlmner et aL, 2005: Stillmati and Totikinson, 2000; Wang et aL, 2002; Wilson and 
Nock, 2003; wwWc^irrayit.com; www.nuncbrand.com; www.perkinelmerxom; www.whatmanxom; 
www.schott.com; www.xenojxire.com). The precise choice of substrate is, however, not obvious and will 
be dependent on several factors si^ch as the probe sonrce (e.g., purilied vs. none-purified, and species/for- 
mat), the couplitig chemistry required (e.g., adsorption, covalent coupling or affinity binding), the satnple 
complexity (e.g., pure vs. complex), and the sensitivity desired. Four key properties of the substrate to con- 
sider in this selection procedure are (i) high biocompatibiiity, (ii) liigh md selective probe binding capac- 
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ity; (iii) ability to biiid the probes in a favorable orientation, and (iv) low non-specific (background) bind- 
ing. 

Ditring recent years, a conception that suri"ace engineering is no longer a high priority area has surfaced, 
since adequate designs are akeady at hand. But despite the seleclioij of advanced and impioved surface de- 
signs available, we strongly believe that a significant focus on snbstrate engineering should be maintained. 
In fact, a selectioji of substrates, or eveEi a siiigie support, c apable of meeting all, or most, of the essential 
criteria listed above still remains to be fabricated. 

Recent advances 

Antibody arrays fabricated by deposition of individual probes onio planar siErfaces, in the format of ei- 
ther 3riicroscope slides (25 X 75 imn) or well-defined wells (e.g., EI.JSA plate), are the inost coinmonly 
used designs, in terms of protein arrays in generaL alternative architectures are available, including for ex- 
aenple vial -based surfaces significantly reduciug the reaction volumes (Angenendt et al,, 2005; Ghatnekar- 
Nilsson et aL, 2006), individual 3D silicon- based posts (wwv/. zyomyx.com) and compact devices combined 
with advajiced micro ftoidics (www, gyros .com). In addition, recent advances have highlighted that arrays 
based on particles (beads) in solution may also be an interesting approach, provided that they are coded for 
idetitificatioij (Poetz et al., 2004; Szodoray et aL, 2004; Watxen et al., 201)4). Cutxei^t systems isic'lude colonr 
coding for microbeads (v/ ww.biorad.com; wwwiuminexcorp.com), semicondiEctor crystals (www.qdots. 
com), barcoding for beads (ww\v.smartbead,co£n) and multimetal microrods (www.nanoplextech.com). In- 
terestingly, beads can also be assembled into planar arrays on semiconductor chips (www.bioarrays.com). 

Novel high-performirjg physical supports include macro- and tiatity-pojous silicon, non-niodified (Res- 
sine et aL, 2003, 2005) or coated with nitrocellulose (Steinhaiier et aL, 2005) (high probe binding capacity 
and high btoc:oinpatibility), providtjug a platfoj'tn compatible with both ftuorescetice- and MS--based detec- 
tion (Finnskog et aL, 2004: Ressine, 2003; Steinhauer et aL, 2005). Further, a novel supramolecular hy- 
drogel hajs beeis designed tiiat may allow minute amouiits of water to be trapped withtj) the three-^limen- 
sional structure of the substrate providing a semi-moist environment, appropriate for protein arrays 
(Kiyonaka et aL, 20(^). In addition, recetit work has itidicated that novel cotntnercially available substrates, 
including for instance Nexterion slide H (www.schott.com) (high signal intensities), protein- binding glass 
slides (low background, high bioc(xtipatibility) (v/ww.nui^cbrand.com) and black polymer MaxiSoJi) mi- 
croarray slides (low backgroimd, high biocompatibility, high sensitivity) (wv/w.nuncbrand.com) have tnmed 
out to be particular promising for recombinatit antibody arrays. In particular, the black MaxiSorp slides 
have demonstrated excellent performances even when targeting directly labeled complex proteomes (Ing- 
varssoti et aL, 2006a,b; Wingren et aL, 2006), 

To date, a limited selection of function alized substrates allowing affinity binding of the arrayed affmity- 
tagged probes have been desigjied, including Ni^^ -slides (Svedhem et al., 2003; www.xenopore.cotn), strep- 
tavidin-coated slides (e.g., v/ ww.xenopore.com), biotin-coated substrates (e.g., wwv/.zeposensxom: 
www.zyomyx.com), atid DNA modified slides (Choi et al, 2005; Svedhem et aL, 2003; Wacker and 
Niemeyer, 2004: Wacker et aL, 2004). This is an attractive set-up that will enable cntde probe preparations 
to be purified, coupled, einiched and specifically orientated in a one- step procedure directly on the chip 
(affinity-on-a-chip) at high density. Recent work has shown that the performance of antibody niicroarrays 
fabricate{l by affitiity directed imniobillzation vs direct spotting (adsor^Jtion or covalent coupling) in tnany 
cases are superior (Pavlickova et aL 2003; Peluso et aL, 2003: Ruiz-Taylor et aL, 2001; Wacker and 
Niemeyer, 2004; Wackcj- et al, 2004; Zhu et al, 2001). Among the most projitinent features observed were 
better spot morphologies, enhanced experimental reproditcibility, significantly reduced (at least lOO-fold 
less) amount of probe required, increased fijinctionality and improved sensitivity (Pavlickova et aL 2^)03; 
Peluso et al., 2003; Ruiz-Taylor et aL, 2001; Wacker and Niemeyer, 2004: Wacker et aL, 2004; Zhu et al., 
2001). Of note, recent woskhas shov/ij that photonic activation of disijilf ide bj ldges can be applied to achieve 
oriented and spatially covalent coupling of the probes, such as Fab molecules, onto thiol~re active suiTaces 
(NeveS"Pete!-sen et aL, 2006), Further, affinity- based innmobilization, such as DNA-directed coupling, will 
ultimately allov/ self-adressable arrays to be fabricated (i.e., airays to which probes can be added in bulk 
and the psobes will then find the way to their unique spot on their own) (Raniachasidran et al., 2004; Wacker 
and Niemeyer, 2004; Wacker et al., 2004). Future eiforts diiected towards increasing the quality as well as 
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the selection of fiinciioiialized substrates will thus piay a key role in the development of the next genera- 
tion of high-perfonxiing aEitibody microatxays, 

ANTIBODY PROBES 

Since the introduction of the first affinity protein niicroarrays, antibodies have constituted the obvions 
choice of content, since tliey ate by far the most well-documented binding molecules (Macbeath, 2002; 
Pavlickova et al., 2004; Wilson and Nock, 2003; Wingren and Borrebaeck, 2004; Zhu and Snyder, 2003). 
In tecent yeaxs, a variety of atitibody mimics, such as Affibodies (a three-helix bundle based on the scaf- 
ibid of one of the IgG-binding domains of Protein A) (Renberg et al., 2005; wwvv.affibodyxom), trinectin 
binding proteins (a scaffold adapted from fibronectin; www.phylos.com), ankyrins (proteins based on 
stacked, 33-amino acid repeats) (Binz et al., 2004), and aptamers (short protein binding oligonncleotides) 
(Bock et aL, 2004; www.archemix.com; www.somalogiccom), have been designed and evalnated as po- 
tential capture agents. The rational behind selecting antibodies over any of these various antibody mimics 
as content have recently been reviewed elsewhere (Pavlickova et aL, 2004,; Wingren and Borrebaeck, 2004) 
and will not be discussed further. 

Recent advances 

The first generation of antibody-based microarrays was siEccessfiilly generated using mainly readily avail- 
able (off- tine- shellj purified, intact srtonoclonal aisd/or polyclotud antibodies as ccytitent (Haab et aL, 2001; 
Macbeath, 2002; Macbeath and Schreiber, 2000). The fact that these reagents had not been designed and 
selected for tine properties that they were expected to display in the antibody rtiicroatTay applications q?a\ 
to a great extent explain why concerns were raised regarding probe functionality arid specificity (Haab et 
aL, 2001; Kingsmore atid Patel, 2003; Macbeatl^i, 2002; MitcheU, 2002; Service, 200] ; Zhu et al., 2003). 
Recently, P'^(ab^)2~based microarrays have been fabricated using enzymatically digested monoclonal anti- 
bodies as probes, pEoviding as) atxay set-up that tnay suffer from less Jion-specific binding (Song et aL, 

2004) . 

Tine Issijies regarding probe fiunctionality and specificity caai, however, be Jitixtixtiized usitig recombinant 
antibody libraries designed for microan*ay applications as probe source (Pavlickova et aL, 2004; Wingren 
and Bon*ebaeck, 2004; Wingren et aL, 2003). In fact, adopting this probe fortnat will, as outhiied in Table 
1, also address most, if not all, of the inherent limitations associated with the monoclonal and polyclonal 
antibody probe formats, ijicluding availability (nutnber of antibodies, range of specif icities), scaliiig-tip (pro- 
duction costs, logistics), molecular properties (wide range of properties, re-design issues) etc. Although 
monoclonal and polyclonal antibodies play atid will continue to play an importasit role within aistibody- 
based microarray applications, these shortcomings must be considered when settirig up the cinay technol- 
ogy platfonn (Wingren and BoExebaeck, 2004, 2006). As an example, it has become clear that comparixtg 
microarray data generated on different platforms will be challenging (Haab et aL, 2005: Wingren and I3or- 
rebaeck, ujupublished data). Apart frotn the choice of substrate atid analytical pxiiiciple, the use of probes 
based on different scaffolds, displaying a range of molecular properties, will be a major factor contributing 
to such inherent assay variatioijs. To this end, it is i\oi sur^jjisiisg that designed antibody libraries, prefer- 
entially created around a single framework, have surfaced as a prominent antibody probe source (Liieking 
et al, 2005; Pavlickova et aL, 2004; Wingren and Bojxebaeck, 2004, 2005). Recosnbinant single -chain Fv 
(scFv) antibodies, microcirray adapted by design has been found to perform (e.g., specificity, functionality 
and stability) excellently in microaTxay applicatiotis (Ingvaxssoti et aL, 2006a; Steinbatier et aL, 2002, 2005; 
Wingren et aL 2003, 2005: Wingren and Borrebaeck, 2004). 

In ft)tt)xe v/ork, generatiaig (selecting) bitiders against all proteins in any target proteome (e.g., Pro- 
teomeBinders, an EC FP6 Infrastructures Coordination Action) will clearly become a key challenge. Of 
note, the Swedish HimiaiJ Proteome Resource (HPR) Center has launched the ftjst full scale effoil in gen- 
erating monospecific polyclonal antibodies against human target proteins using a high -throughput approach 
based on the cloning and protein expression of Proteiti Epitope Signattire Tags (PsESTs) (Nils son et aL, 

2005) . These monospecific antibodies will form a most valuable source and provide a scientific basis for 
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Table 1. A Comparison of the Properties Displayed by IVIonoclonal and Recoribinant 

AjNXmODY PrOBI: S03J]RC£S InTJiNDEI) 1 or MlCliOAKRAY APPJ ICATIONS 



Monocional Recombinant 
Key issues antibodies antibodies Comments 



1. Avijiiabiiily 


-f 


-f --I- -\- -\- 


The number of available monoclonal antibodies is 
small, me^iiiing that finding existing antibodies with 
the desirea speciticities will be a major limitation. 
Large scFv and Fab recombinant human antibody 
libraries (>1()^^ members) thai will provide access to 
probes with "any" desired specificity are available 
(Krsappik et al, 2000; Soderlind et a[, 2000; 
www .bioin vent . se; www xambridgeantibody . com; 
www .tnorphosys.com.) . 


2. Scaling-up 


-H 


+ + + 


Producing thousands of monoclonal antibodies will not 
be iogisticatly and econoniically feasible, making 
the process of fabricating high-density arrays very 
demanding. Access to lai-ge recombinant antibody 
libraries will make the issue of scaling up feasible. 


3. Renewability 


-r-r-f-f- 


-1- + + + 




4. Choice of scafj'old/ 






A monoclonal antibody will be based on one of 


fixed scaffold 






several possible scaffolds (frameworks) selected by 

the original B ceil, while recombinant antibodies 
can be based on the choice of scaffold selected by 
the user, e.g. displaying desired on-chip properties. 
Of note> molecules based on one fixed scaffold will 
all display very similar properties (e.g. on-chip 
stability) making them w^ell suited as probes. While 
recombinant antibody libraries based on a siiigle 
scaffold are available (Soderlind et al, 2000), 
monoclonal antibodies are based on many different 
scaffolds. 


5. Re-design of probe 




+ H- + H- 


Wliile monoclonal antibodies based on different 
frameworks would have to be optimized 
individually, all members of a recombinant antibody 
library, based ou a single iramework, could be 
optimized/re-designed simultaneously. 



selecting probe mesribers useful in fiJtoe rnicroaExay applications. Thus, jaxlopting high-perfortning recorxi- 
binant antibody libraries as probe source will obviously provide a jimip start also in this is site. Other ef- 
forts, some of which are already under v/ay, includes the desigis of novel libraries or re -design of alseady 
existing libraries to improve even iisrther probe properties siEch as on-chip stability and functionality as well 
as affisiily-tag desigxj (Wingren and Borrebaeck, 2004). The latter poijit will be of utmost importance when 
fabricating sell- addressable arrays, an array design that is likely to evolve rapidly during the coming years. 
In the context of generating binders agaiijst the whole proteome, several additiojial features must also be 
considered. Firstly, it needs to be discussed v^/hether the probes should be directed against either the (i) na- 
tive protein (most common today), (ii) in silico defined linear epitopes (e.g., PsESTs), (iii) peptide frag- 
ments thereof (e.g., www.epitomebiosystems.com), or (iv) combinations thereof . Adopting for example, the 
EpiTag technology, specific ai^tibodies agairsst short sequences (EpiTags) are generated. These affinity 
reagents can then be used to analyse the sample, in the format of enzymatically digested peptides, allow- 
ing multiplex ed, quantitative assays to be performed (www.epitomebiosystemsxom). Secondly, the nnm- 
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ber of probes generated agamst every analyte will have a raajor impact on the assay design tlexibility (e.g., 
wlietber or not sandwich approaches can be adopted), 

DESIGN AND FABRICATION OF ARRiiYS 

To date, mainly low- to mediom-density antibody niicroarrays have been fabricated on varioifs solid sup- 
ports by arraying the probes one by one in the pL scale, using either non-contact (more gentle for biomol- 
ecules, less carry-over effects) or contact printers (fasier). These traditional designs have worked welL but 
recent work have sbow!i that several interesting alternative approaches axe well under way witli respect to 
both design (low- vs. high-density set-ups, nano vs. niicro-arrays, intact protein detection vs peptide de- 
tection) and array fabrication (spotted vs. self-addressable arrays, cell-free protein exprcssion vs. probe pro- 
duction/arraying). 

Recent advances 

The development of high -density microaiTays has been hampered due to technical aspects. Based on com- 
mercial aspects, the blotech industry have focnsed more asid enore on fabticating low-densiiy focused nii- 
croarrays in order to more rapidly be able to deliver solid products addressing specific needs — and not pro- 
texjine-wide issues (as initially planned) (Sheridan, 2005). Stiil high-density atxays will be required in order 
to allow us to perform tally proteome-wide analysis. To date, the main reasons for the observed limitation 
in density include, (i) limited availability of high -quality pjobes, (ii) litnited access to bigii quality sub- 
strates allowing oriented alTinity immobilization (of non-puriiied probes), and iii) technical issues (e.g., 
speed of the dispenser and spot size). 

So far, regular antibody microaiTays have been fabricated by dispensing of antibodies on 2-, or 3-di- 
mensioiial solid supports frequently resulting hi ^200 jjjn sized spots (liaab, 2003; Kusnezow and Ho- 
heisel, 2003: Macbeath, 2002; Pavlickova ei aL, 2004; Steinhauer et al., 2005; Wingren and Borrebaeck. 
2004; Zhu and Snyder, 2003), clearly illiisttating one of the key linutations for scalksg up the array densi - 
ties. However, bionanotechnology may provide us widi the new tools required to bypass this limitation 
(Cbetig et al., 20C)5; Wingren et aL 2004), in the etid allowing us to fabrtcate even mega-dense natioarrays 
(> 100,000 probes) (Wingren et aL, 2004). Angnenedl et al. (2004a) have designed a nanovv'ell array on 
glass microplates with a well volume of 1.5 ,al. and a well-to -well distance of 2.25 miiL Reagent volutnes 
as low as the 100 nL range was found to be sufficient for detection (Angenendt et al, 2004a). By adopt- 
ing a nanoimprint lithography approach, Hoff et ah have fabricated l O-ntn-sized dots over large areas (Hoff 
et al., 2004). As proof -of-concepl, the aisthors managed to generate nanoscale polyclonal antibody patterns 
that could be used to delect mUigcn (lioff et aL, 2004), Moreover, a truly nanostrucUtred (vials) surface was 
fabricated, composed of 7X7 vials arrays (^:60-90 nm in diameters) with a footprint of ^r:20 X 20 ^,.m 
(Brtickbauer et al., 2004). Polyclotial antibodies could be adsorbed in the vials atid binding of ftuorescetstly 
labelled antigen was then readily detected (BiTickbauer et aL, 2004). in addition, an atto vial-based recom- 
binant antibody array has recently been produced, where vials with diameters iii the range of 200 mn to 
5 ^m (corresponding to well-volumes of 6 attoliter to 4 femtoliter) were generated by electron beam lith- 
ography (Ghatijektar-Nilssoii et aL, 2006). The set-up could be successfully used to detect low- abundant 
analytes in directly labeled complex proteomes, such as serum. A key step in the fabrication of high-den- 
sity nanoarrays will be how to function alize the individual wells with unique probes (Wlngreti et aL, 2004). 
There cire already various technologies available for this purpose, sitch as nanoimprint lithography, enabling 
arrays displaying a dei^sily rxp to 160 Gspots/cm^ to be generated (Demers et aL, 2002; Heidari et aL, 1999; 
Hoff et aL, 2004). Other interesting approaches to address individual vials include, nanopipetting (Bntck-- 
bauer et aL, 2004), natioarraying (e.g. v/ww.bioforcetiano.com), as well as micro- and siasio-Quidics, 

I'he concept of designing high-density arrays has stimulated the development of novel means of pro- 
ducing antibody as well as protein arrays in general, Fij stly, well -based arrays have been developed fo!' 
cell-free protein expression (and in situ immobilization) (Angenendt et aL, 2004a; He and Taussig, 2001: 
www,helixbiophanxia,com). In the "protein in situ array'' (PISA) approach, the ajxay is getierated in a one- 
step procedure directly from PCR-generated DNA fragments by cell-free protein expression and in situ im- 
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mobilization via an affinity tag (e.g., his -tag) at the surface (He and Taussig, 2001). Adopting the het- 
ero(iiji]er proiehi technology, peptide coils are anchored in the bottoni of the welis, and plasniids contain- 
ing peptide coil DNA and protein target DNA, engineered to "synthesize" peptide coil and target protein 
coEnpiex, are added. These complexes (e.g., an antibody) fuse to the anchored peptide coils on the surface 
of the welis, oriented appropriately (www.helixbiopharnia.com). Of note, Ramachandran et al have de- 
signed a similar a|?proach, the nijcleic acid psograjiHnable protein asxay (NAPA) methodology, for self-as- 
sembling protein iiiicroarrays that can be produced directly on planar glass slides in a cell free expression 
system (Ramachandran et aL, 21)04). An altcinative approach ha.s iccentiy been described by DeleharUly et 
al., in which a cellular microarray platform was devised for comparative functional analysis of plasma mem- 
brane expressed scFv (Delehanty el al., 20(^1^). Other means of generating self-asseEnbling tiiicroarrays could 
be to use probe functionalized vessels, for example, vesicles (Stamou et aL, 2003; Svedhem et al., 2003). 
Conse(|i3ently, majiisers of gesierating self-addres sable protein arrays have rece!)t]y gained a lot of interest 
(Ramachandran et al., 2004; Wacker and Nienieyer. 2004: W acker et al„ 2004). Each probe is then equipped 
with a unique zipcode tag (e.g. short stretch of DNA) that v/ill direct the probes to their unique spot 0!i the 
chip functionalized with a corresponding matching tag (e.g., complementaiy stretch of DNA). In the end, 
the probes can simply be poured onto the chip and they will find the way to their spot on their own. Ap - 
proaches like this will undoubtedly be the focus of major interest during !he coming years, especially when 
adopting bionasiotechiiology tnethodologies , 

Traditionally, mainly intact protein analytes have been detected using antibody -based microarray s, biEt 
novel array designs for peptide aitalyte deiectiort have recently been brougiit forward targeting enzysnatl ■ 
cally digested protein mixtures (Scrivener et aL, 2(X)3; Warren et al., 2004: www.epitomebiosystems.com). 
Scrivener et al, demojuslrated proof-of-concept for short chaiji antibodies as well as polyclonal antibodies 
on hydrogel pads, i.e. planai* arrays, using MALDl-TOF MS as read-oitl system (Scrivener et ai., 2003). In 
cotnpartson, Warren et aL have |>reseEited a bead-based antibody array design c:()upled to tandem MALDL- 
TOF MS detection (Wan*en et aL, 2004). The latter set-up v^as shown to provide sensitive (fmol levels), 
multiplex, and quantitati ve measurejnents, siniultana>usly allowing the user to identify the protein(s). Based 
on the Epilag technology, a sensitive and quantitative planar array platform, using sandwich and/or com- 
petitive assay designs for read- out, have been developed (www.epitomebiosystenis.con]). By addressing 
peptides instead of intact protein analytes, a quantitative label-free platform may be devised, thereby elim- 
isiating some of the key concerns within the traditional protein array set-ups. In addition, such set-ups may 
also significantly reduce the number of probes required to target an entire proteome, if antibodies specific 
for peptides unique for a set of proteins rather tijan a siitgle protein are applied. Moreover, the awaresiess 
of the peptidome for reflecting biological events and for disease diagnostics have also increased signifi- 
cantly during the last few years (liotta and Petricoin, 2006; Schulte et aL, 2005), clearly Mghlighting the 
potential impact of these new array designs. 

SAMPLE FORMAT 

The format, availability, complexity and dynamic nature of a proteome represent n^ajor technological 
challenges, not only for antibody -based microaiTays, but for any proteomic technological rese^irch platform 
(Kingsrnore, 2006; Wingren and Borrebaeck, 2(X)4). Wliile major efforts have been placed upon develop- 
ing the basic antibody (protein) array technology, little attention lias so far been placed upon the sample it- 
self. 

Recent advances 

All samples gex^erated in a soluble format, whether in a native, denatured or digested format, can poten- 
tially be analyzed by antibody- based microarray s (Wingren and Borrebaeck, 2004). While a majority of the 
atitibody array platforms at hand target wa{er"Soh:ible proteins, the first designs ba,sed on monoclosial anti- 
bodies (Belov et aL, 200L 2003: Ellmcirk et al.. 2006a; Ko et aL 2005a,b) or recombinant scFv antibodies 
(Dexlin et aL, 2006) targeting cell- surface metnbrane pioteins in the format of intact cells have only re- 
cently been presented. In this context, it shoitid be noted that the ceil membrane proteome plays a key role. 
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First, membrane protems eonstitute an extremely important group of protems being one of the most com- 
mon targets for disease diagjiostics, bionjarker discovery and therapeutic drugs (Jang and Hanash, 2003), 
Second, characterization of the changes that occisr in the ceil surface membrane proteome during differen- 
tiatioji in response to various stimuli (e.g., activation) will provide an increased ondersEanding of fiinda- 
mentai processes in both health and disease. In comparison, there are very few effective classical strategies 
for high-thro]jighput pjofiling of cell surface Enembrane proteosnes (Jang and Han ash, 2003), Protein tag- 
ging of intact cells followed by 2-dimensional gel analysis has olten been used (Jang and Hanash, 2003), 
and additional techniques, such as EL.ISA arid FACS, can also be adopted, but only for low -throughput ap- 
proaches. Thus, antibody-based microarrays may provide the novel tools required in order to perform high- 
throijighput cell membrane proteomics in a facile tnanner. 

The reduced sample consumption (sub /xi scale) in the microarray format is essential as only minute vol- 
urnes of |5recious (clinical) samples are often available; volumes in the pi. scale snay in fact be sufficient 
if the sample is aiTayed as well, using conventional spotters (Angenendt et al., 2004b; Borrebaeck et aL, 
2001; Wingren et al. 2005). As for any proteomic approach, the way the sarnple is collected w-ill also play 
a major role (Haab et al., 2005; WiUdns et aL, 2006). In a recent study by Haab et aL (2005), the impact 
of saniplhig methods v/as isivesti gated by analyzing serum and plasma sannples c:ol]ected using various an- 
ticoagulants. These studies show^ed that EDTx4-piasma was the preferred choice when collecting blood sam- 
ples. 

Furthemiore, the sample complexity is a key feature that may impair the analysis by (i) making it diffi- 
cult to label the sasnples in a representative sriansier, a3)d/or by (ii) causing high non-specific i)inding and 
thereby signilicantly reducing the assay sensitivity. In traditional proteomics, the use of various pre-frac- 
iionatioij strategies and/or resnoval of high-abundant proteins to reduce sasnple cotnplexity is often cri{ic:al 
in order to perfomi the analysis in an adequate manner (Adkins et ak, 2002; Pieper et aL, 2003; Tinimalai 
et aL, 2003), One problem associated with any proteiti separalion/(]epletion technique is, however, that low- 
abundant proteins may be removed along with the high abundant species (Adkins el aL, 2002; Pieper et aL, 
2003). 1x3 the case of antibody n^icroatxays, one recent study have shown that a simple one-step fractiona- 
tion (based on size) of a proteome considerably enhanced the detection of low molecular weight (<50 kOa), 
low-al^undatit (sob-pg/ml range) protein analytes (Ligvarsson et aL, 2006a), While the developrtient aitd iit)- 
plementation of (improved) fractionation procedures may thus provide one avenue for designing antibody 
arrays for proteome analysis, the main effotts strive to develop techtiology platforms capable of handling 
complete, i.e. non-fractionated, proteomes (Wingren and Borrebaeck, 2004, 2006). By optimizing the sam- 
ple labelitig protocol as well as the assay protocol (e,g,, blocking, w^ashing, and satnple buffers, choice of 
substrate), these elTorts have shown that high-peiforming antibody microarray platforms capable of target- 
ing not only high- to medhjim-abusidant analytes (e,g,, Gao et aL, 2005; Knezevic et aL, 2001; Millej" et aL, 
2003; Orchekowski et al., 2005; Sanchez-Carbayo et aL, 2006; Sreekumar et aL, 2001), but also lov^-abun- 
dant analytes (e.g., Ellmark et al, 2006b; Ingvarssoii et aL, 2006a,b; Wingren et al, 2006) in directly la- 
beled proteomes can be achieved. 



DETECTION 

To date, a oiajodty of all antibody microarray technology platforms have relied on fhnoresccjice-based 
read-out systems (for re vie v/ see e.g. Wingren and Borrebaeck, 2004). A vaiiety of set-ups, in which the 
sample has bees) directly labeled with a fluorescexU tag (e.g., Cy-dyes, Alexa-dyes or LJI.S labels) 
(www.gehealthcare.com; vvww.kreatechxom; www.probesinvitrogen.coRi) or a hapten (e.g., biotin) (e.g., 
www.kreatech.com; ww\v.pierceEiet,con}) have been devised. In addition, the potential use of fluorescent 
dye-doped particles, Risbpy encapsulated in silica matrix particles, function alized v/ith the secondary reagent 
(e,g., streptavidin) have also been indicated to provide an altersiative way of reaching ijiltrasensitive detec- 
tion (Lian et aL, 2004). A limit of detection (LOD) in the nM to IM range (zeptomole range) have com- 
monly bec!) reported, even for complex samples such as liimiaii v/hole serusn (e.g., Beator, 2002; Haab et 
aL, 2001; Ingvaisson et aL, 2006a,b; Kusnezow and Hoheisel, 2002; Macbeath and Screiber, 2000: Pawlak 
et aL, 2003; Schweitzer et aL, 2000: Sreekumar et aL, 2001; Wingren et aL, 2005, 2006). Hence, the LODs 
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obsei'ved are already vvilhm the suggested range (attomole level) required to perform well within clinical 
proteotnics (Kiisnezow aiid Hobeisei, 2002). Tlie LOD tnay be even further improved by adopting various 
signal ampliiication techniques readily available, such as ix]»iling circle amplification (RCA) (Kingsmore 
and Palel, 2003; Schweitzer el al„ 2002; Zhou et al., 20C^) or tiiyrainide signaling ainplification kits 
(w^wvv.perkinelnierxom). A variety of scanners, based on non-confocal, confocal or planar wave guide tech- 
nology [see e.g. www.axrayltxom; www.perkinelnierxom; www,zeptozens,com), can then be used for read- 
ing the microarrays. 

Recent advances 

A major advance, as outlined above, is the obsei*vation that antibody microarray technology platforms 

C3:n be designed to display a sexisilivily in the snb-pg/ml range whether dii'ectly labeled pure ajialytes or 
complex proteomes are targeted (Ingvarsson et aL, 2006a, 2006b; Wingren and Bonrebaeck, 2004; Wingren 
et al,, 2005, 2006), Thus, low a!)imdaxst (clinically relevant) atialytes caxi be addressed, lii cotnbiiiation with 
the prospect of adopting current as well as novel signal amplification strategies, e.g., the proximity ligation 
methodology (Ftedriksson et aL, 2002), the sensitivity should thus no longer be a major issue. 

In the past, elTorts have been made to incorporate sandwich approaches, which in the end may enhance 
the sensitivity and specificity of the set-ups even further (Bealor, 2002; Kusisezow and Hoheisel, 2002; 
Pawlak et aL, 2003; Schweitzer et aL, 2000). The sandwich approach works well as long as small focused 
arrays are constmcted. However, the logistic issues involved with scaling up such platforms combined with 
the observation that a threshold of about 50 probes per sandwich array might be the ispper limit to still 
maintain adeqijiate assay features (Haab, 2003), inakes it a less attractive option when designing high-den- 
sity microarrays. However, a novel array design, the double-chip antibody (protein) arrays — force-based 

mijiltiplex sandwich assays Enay provide 03ie solutio!) to this probkm (Blank et aL, 2004; Gilbcjt et aL, 

2003, 2004). in this set-up, a second chip surface is used for the local cipplication of detection antibodies, 
thereby efficiently reducing any potential antibody cross-reactivities. 

The choice of analytical principle, and in particular the issue regcirding label-dependent vs label-free de- 
tection tnethod has gained significant interest in the last years (for reviews see Cheng et aL, 2005; Espina 
et aL, 2004; Pavlickova et aL, 2004; Ramachandran et aL, 2005; Tomizaki et aL, 2005; Wingren and Bor- 
rebaeck, 2004; Zhu and Sjnyder, 2003). In fact, within the field of protein jnicroarrays as a whole, there is 
a major interest in adopting label-free detection methods to eliminate problems associated with protein la- 
beling. Hese, we will focus mainly on the efforts itivolving antibody arrays. 

First. MS is an appealing analytical principle as it may enable the user not only to delect but also to identify 
the bound ligand, SELDI-TOF MS has, foj- example, been implemented, providing 8 or 16 spots arrays dis- 
playing a wide variety of suri^ce chemistries (www.ciphergen.com). Adopting MALDI-TOF MS, proof-of-con- 
cept studies has been gene!"ated for recombinant scFv on silicon-based substrate (Botrebaeck et aL, 2001), atid 
monoclonal antibodies on either a 3-dimensional methacryiate polymer-based substrate (Gavin et aL, 2005), 
platsar pcm">us silicon surface (also coEnpatible with fluorescent rej3xl-out (Fitmskog et aL, 2004), or parous sil- 
icon nano vials (Finnskog et aL, 2006). Wliile a sensitivity in the attomole- (Borrebaeck et al., 2001) to zepto- 
jitole-range (Finnskog et aL, 2004) n^ay be achieved, critical issues regarding, in particular, blocking and sam- 
ple cosnplexity remains to be resolved (Wingren and Borrebaeck, unpublished observations). 

Second, surface plasmon resonance (SPR) and variatits thereof, e.g., localized SPR (ESPR), have also 
gain significant interest as a label-lree detection principle, simultaneously providing uniqite binding ch£ir- 
acteristics data (e.g., Dahlin et aL, 2005; Usui-Aoki et aL, 2005: www.biacoE-e.com; www\genoptics~si>r.com; 
www.graffinityxom). The different platforms display great potential although outstanding issues regard- 
i!)g sensitivity, number of spots and ciynan^ic range have to be addressed. 

Third, by adopting nanotechnology (for review see e.g., Cheng et al., 2005), a series of methodologies 
may beconne available, so far including atotnic force microscopy (also compatible w-ith fluorescent read - 
out) (Lynch et aL, 2004), and nanomechanical cantilevers (Arntz et aL, 2003; Backmann et aL, 2005: 13utta 
et aL, 2003; Ji et aL, 2004; Weeks et aL, 2003). Proof~of-concept experianents has been generated for both 
intact antibodies (LOD of 20 /.ig/ml) [e.g., Amtz et aL, 2003] as well as recombinant scFv (LOD of 1 nM) 
[e.g., Backtnami et aL, 2005], 
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Fourth, olher potential metliodologies could include label-free detection by scanning Kelvin nanoprobe 
(ThoEnpson et aL, 2005), piezo- based inmjunosensors (shesi ei aL, 2005), and quatt crystal microbaiance 
with dissipation monitoring (QCM-D) (LOD in the pM range) (Larsson et al., 2005). 'Die latter methodol- 
ogy wUh in analogy to SPR, also provide op|)Oitntiities to follow the binding in real-time thus providing 
data about the kinetics. 

Taken together, all of these non-label dependent approaches are promising, biU have so far only been 
used for small prospective anays. In the end, more developmental work will be required before any of these 
methods conld become generally available. 

Finally, a series of recent papers have cle£irly highlighted the crucial impact of masstransport on assay 
kinetics -diid sexjsiiivity when workiEig in the microarray forsnat (Klenin et al,, 2005; KiEsnezow et aL, 2005, 
2006). This involves migration of the anaiyte both in solution and across the surface of the solid support. 
The authors conchjded that this issue is not sufficiently addressed in the design of inmy set-ups, outlining 
novel avenues for additional technology improvements. 

MICROARRAY DATA 

The field of antibody (protein) microarray have developed at a rapid rate during the last few years. While 
a major focus has been placed upon the technology platform (e,g.. probes, sitrface, detection, etc.). simihir 
efforts focused towards the dowiistreajit processes, data handling, bioinfonnatics, and data repotting etc re- 
mains to be launched (WiMns et ai., 2006). In comparison, the more mature field of DNA microan*ays 
have establlslned gnidehjues for data reporting. In this case, data compliant with MIAME minimunt in- 
formation about a microan ay — and deposited at pubhc repositories are required for pisblication [MIAME 
hemsida]. It is probably oi^y a [natter of time before the field of protein microanays adopts similar stati- 
dards. 

Recent advances 

Regarding protein microarray data quaiitilication/normalization/handling etc, no standardized procedures 

yet exist. Still, validated procedures and softwares have in many cases been mom or less ditectly adopted 
irom the I3NA microaixay community. The first pubhcations, addressing standardization of antibody (pro- 
tein) microarrays, have recently been published (Hanielinck et aL, 2005; OUe et al, 2005; Perlee et al, 
2004). Perlee and co-workers have tciken the first steps towards development and adoption of standards that 
in tiie end could (rtiore readily) permit platform comparisons and benchixiarkuig (Perlee et aL, 2004). Olle 
et al have designed an internally controlled antibody microarray (Olle et aL, 2005). In this set-up, one 
colour detected represcjits the amonsit of aiUibody spotted, and the other the amount of anaiyte bound. The 
signal from the amount of antibody spotted was then used to normalize the data, resulting in decreased vari- 
ability and lowered limit of detection. In the paper by Hamelkick and co-workers, the authors descsibed 
their work on optimizing the normalization of antibody microarray data to enable comparison of chip-to- 
chip data (Hanielinck et aL, 2005). They tested and compared seven different normalizatio!) methods by 
their effects on reproducibility, accuracy and trends in data set. They found normalization with ELISA de- 
termined data of a selected anaiyte present in the sample or against a protein spike -its of known concen- 
tration to be the best approaches. Interestingly, not all ELISA determined analytes worked well for nor- 
malizatiots, indicating on axsalyte-specific problems. Similarly, we have found protein spike-ins to work well 
for antibody microarray data normalization (Ingvarsson et aL, 2006b). In comparison, a set of house-keep- 
ing genes are commonly used to nos malize DNA microarray data, Altboijigh sitnilar house -keeping proteins 
may be difiicult to find for antibody/protein microarrays, we have recently shown that such "global" nor- 
malizatioij against a given set of protein analytes anticipated to display no or very small inter- sample vari- 
ations worked very well (Ingvarsson, Wingren, and Bonebaeck, unpitblished data). The issue of data han- 
dling/tiormalization and bioinfomiatics is expected to grow exponentially as the field of antib*xiy (protein) 
microarrays continues to mature towards more high-density arrays combined with (more) clinical applica- 
tions. 
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CONCLUSION 

Axttil^ody -based Enicroarray is a novel teclmoiogy that holds great prosnise withm proteomics. As out- 
lined in lliis review, the technology has evolved significantly during the last few years, and the first high- 
perfoioi'mg aiHibody ixiicroatray tedmology piatfortns have started to CEnerge. In parallel, the juniibers of 
applicatiosis in which aniibody-based microarrays have been apphed have exploded during the veiy last 
years, a trend that is expected to continue in the coining years. As described (Gao et al., 2005; Kxiezevic 
et aL, 2001; Miller et al., 2003; Orchekowski et al., 2005; Sanchez-Carbayo et al., 2006; Sreekimiar et al., 
2001) and reviewed elsewhere (Borrebaeck, 2006; Kingsnnore, 2006; Wingreii and Bosxebaexk, 2004), var - 
ious applications have already been developed within disease diagnostics, screening, and protein expres- 
sion profiliEig, ranging frotn focused assays to setiii-proteome analysis. The potential and recent advances 
of the technoiogy within oncoproEeomics is of particular interest (Borrebaeck, 2006; Wingren and Borre- 
baeck, 2004), Intense efforts are currently under way to address the ren^iainiiig key technological issijies 
(Wingren and Bon ebaecL 2006) that will take the technology io the next level and tmly provide a multi- 
plex, sensitive and high-throughput proteoniic research tool. Antibody-based iiiicroaixays will then be one 
among the most prominent technologies available for cutting edge research within the field of (disease) pro- 
teomics. 
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